In mammalian cells, small regulatory RNA molecules are able to modulate gene expression in a cell-autonomous manner. In contrast, this mechanism of gene regulation can occur systemically in plants and nematodes. The existence of similar cell-to-cell transmission in mammalian cells has been explored, but generalizibilty and mechanistic insights have remained elusive. Here, we show that small regulatory RNA molecules are capable of a non-cell-autonomous effect between primary cardiac myocytes through a gap-junctiondependent mechanism. Co-culture experiments showed that both Dicer-processed small-interfering RNAs (siRNAs) and Drosha-processed microRNAs (miRNAs) were capable of target gene knockdown and physiological effects in a noncell-autonomous manner. Target gene siRNA molecules were detected in recipient cells, indicating transfer of the primary effector molecule. All of these effects were abrogated by dominant-negative molecular suppression of gap junction function. Our results show that both siRNAs and miRNAs are capable of a non-cell-autonomous effect between mammalian cells through gap junctions. The recognition of this biological process raises the novel therapeutic prospect of a bystander effect after gene transfer to tissues bearing gap junctions and for cell engineering with a view to creating regulatory RNA donor cells that exert their influence throughout a syncytium.
Synthetic short-interfering RNAs (siRNAs) and naturally occurring microRNAs (miRNAs) can alter gene expression profoundly. 1 Although mammalian cells individually respond to regulatory RNAs, such molecules exert cell to cell and even systemic effects in the nematode and in plants. 2 In plants, the signal is transmitted from cell to cell through plasmodesmata, structures that allow intercellular cytoplasmic continuity, whereas systemic effects are mediated via specialized transport tubes that permeate the entire organism. 2 The critical question of whether mammalian cells also transfer regulatory RNAs has not been comprehensively addressed. In this study, we show that both siRNAs and miRNAs are capable of a non-cell-autonomous effect after heterologous expression in primary mammalian cells after genetic modification with lentiviral vectors. The regulatory RNA non-cellautonomous effect was evident on both exogenous reporter and endogenous target gene expression. In addition, regulatory RNA effector molecules could be detected in cells undergoing the non-autonomous effect. Furthermore, all of the non-autonomous effects on target gene expression and primary effector molecule transfer occurred in a highly gap-junction-dependent manner.
To explore a non-cell-autonomous effect in mammalian cells, we chose heart cells that couple to each other through gap junctions to form a natural syncitium. 3 The syncitium enables ions and other molecules 4 to flow from cell to cell as a means of establishing the electromechanical synchrony, vital for cardiac function. It is widely believed that the upper limit of molecular size for transfer through gap junctions is 1 kDa. However, data from a recent study by Valiunas et al. 5 now call this belief into question. For our studies, two gene-modified populations of neonatal rat ventricular myocytes (NRVMs) were generated and co-cultured. One population was transduced with a lentiviral vector encoding enhanced green fluorescent protein (eGFP) (LV-GFP) and the other with a bi-cistronic vector encoding both dsRED2 and a shRNA template targeting eGFP mRNA 6 (LV-CRH1-shGFP) (Figures 1a and b) . After 7-8 days of culture, GFP fluorescence was visibly reduced when compared with control, non-silencing cultures ( Figures  1c-f ). To verify that mRNA degradation was responsible for the observed effect on eGFP fluorescence, RNA was extracted from co-cultures and quantitative real-time PCR (qPCR) was carried out. Consistent with the microscopy findings, eGFP mRNA steady-state levels were reduced in NRVMs with reduced eGFP fluorescence (Figure 1g ). To establish gap junctional dependence, in addition to eGFP, the first population of cells was also transduced with either a lentiviral vector encoding a connexin43 dominant-negative mutant 7 (LVDCx43) or LacZ (LV-LZ). Cx43 is the dominant gap junction protein in NRVMs, and the LV-DCx43 mutant inhibits gap junction function in this cell type. 7 After co-culture, mRNA levels were comparable between nonsilencing and Cx43-mutant-transduced cells. This result confirms that eGFP mRNA levels and eGFP fluorescence had the same non-cell-autonomous directional change. Moreover, this effect occurred only in co-cultures where cells were coupled with functional gap junctions.
To verify the presence of siRNA molecules in nontransduced NRVMs, two populations of cells were produced, namely (1) NRVMs transduced with either LV-DCx43 or LV-LZ and (2) NRVMs transduced with LV-CRH1-shGFP (Figure 1h ). Cells were co-cultured for 7-8 days and then divided by fluorescence-activated cell sorting (FACS) into dsRED2-positive (dsRED + ) and dsRED2-negative (dsRED À ) populations. Total RNA was extracted and assessed for the presence of the antisense strand of the siRNA molecule targeting eGFP mRNA. To do this, a unique intermediate cDNA was
Non-cell autonomous effects of regulatory RNA E Kizana et al generated after reverse transcription of a DNA primer using the antisense siRNA molecule as a template 8 ( Figure 1i ). This resulting cDNA was of sufficient length to be used in TaqMan (Applied Biosystems, CA, USA) qPCR experiments. The starting amount of siRNA template was extrapolated from a standard curve generated from known input quantities of a synthetic 19nt RNA oligonuleotide. These experiments showed an abundance of antisense siRNA in dsRED + cells ( Figure  1j ). The dsRED À recipient cells, on the other hand, had on average 25% of the copy number of their dsRED + donor co-culture counterparts. In contrast, dsRED À cells, which had also been transduced with the Cx43 mutant, had only 4% of the copy number of their dsRED + co-culture counterparts. These results indicate that the regulatory RNA molecule can be detected in non-transduced cells; the transfer process is moderately efficient and depends on functional gap junctions. On the basis of their smaller molecular size, we predict that it is the Dicer-processed dsRNA molecule that is transferred and not the vectordriven shRNA, although this method of siRNA detection does not allow for discrimination between the two species of RNA.
Having shown that Dicer-processed siRNA molecules can confer a non-cell-autonomous effect, we next focused on the ability of miRNA molecules, processed by the nuclear ribonuclease Drosha, to follow a similar pattern of behavior. Lentiviral vectors were generated encoding miRNA-30 (miR-30) with flanking primary miRNA sequences and a non-silencing control sequence in a miR-30 context 9 ( Figure 2a ). miR-30 is not known to be expressed in cardiac muscle. In co-transfection experiments, using constructs with the miR30-3p and miR30-5p target sequences cloned in the eGFP 3 0 -UTR (Figure 2b ), we determined that the mature miR30-5p was more efficiently incorporated into the RNA-induced silencing complex (Figures 2c and d) . Hence, a lentiviral vector encoding four copies of the miR30-5p target sequence in the 3 0 -UTR of the eGFP (GFPmiR30) was also generated. Similar co-culture experiments, using two populations of differently gene-modified NRVMs, showed that GFPmiR30 fluorescence was diminished when compared with non-silencing control cultures (data not shown). Steady-state GFPmiR30 mRNA levels were also reduced relative to non-silencing control cultures (Figure 2e ).
Furthermore, all of these effects were reversed by inducing gap junction dysfunction with LV-DCx43. These results indicate that, in addition to siRNAs, miRNAs processed through the endogenous miRNA pathway are also capable of gap-junction-dependent non-cell-autonomous effect.
Moving beyond reporter molecule studies, we sought to prove that intercellular transfer of regulatory RNA molecules was capable of mediating non-cell-autonomous endogenous gene knockdown and phenotypic modification. Toward this end, we built a bi-cistronic lentiviral vector encoding eGFP and an shRNA targeting the cardiac sarco-endoreticular calcium ATPase (SERCA) gene (LV-CGH1-shSERCA) (Figure 3a) . SERCA is a calcium-handling protein that maintains calcium transient amplitude by refilling sarcoplasmic reticulum calcium stores. 10 To explore the effects of intercellular transfer of this siRNA, the same co-culture study system was used with two differently gene-modified populations of NRVMs, one transduced with LV-DCx43 or LV-LZ and the other with LV-CGH1-shSERCA or the nonsilencing control (LV-CGH1-shNS) (Figure 3b In fact, transients in these cells remained at control levels, indicating a dependence on gap junctions for the noncell-autonomous effect. To confirm that mRNA degradation was responsible for the observed changes in calcium transient amplitude, qPCR was carried out on RNAs isolated from co-cultures that had been sorted by FACS into eGFP + and eGFP À populations. These experiments showed changes parallel to those seen in the calcium transients ( Figure 3f ). As expected, SERCA mRNA levels Figure 1 Intercellular transfer of siRNA. A vector encoding DsRed2 or LacZ, and an shRNA targeting GFP (shGFP) or non-silencing (shNS) control was built (a). The study system (b) consists of co-culturing two NRVM populations; one expressing GFP and the other DsRed2 and shGFP. NRVMs were procured as described earlier. 7 Cells were transduced with vector at a multiplicity of infection (MOI) of 20 for 2 h in the presence of Polybrene (8 mg ml À1 , Sigma, Saint Loius, MO, USA), followed by three washes with PBS. Co-cultures were established in fibronectin (25 mg cm À2 )-coated 12-well plates at a ratio of three donor to one recipient NRVM. Lentiviral vector was produced and titred as described earlier. 7 After co-culture, GFP fluorescence, illustrating the point, was visibly reduced (e and f compared with control, c and d). For steady-state eGFP mRNA quantification, TaqMan (Applied Biosystems), single-step, multiplex qPCR was carried out as described earlier. 12 mRNA levels (g) were significantly reduced in co-cultures containing shGFP and functional gap junctions (shGFP/LZ) compared with control cultures containing non-functional gap junctions (shGFP/D) or shNS (shNS/LZ and shNS/D). To detect siRNA molecules, two NRVM populations were co-cultured for 7 days, harvested by trypsinization (0.25% (w/v) and flow-sorted (FACSVantage SE, BDIS, San Jose, CA, USA) on the basis of DsRED2 fluorescence (h). Between 50 000 and 100 000 sorted cells were subsequently used in PCR analyses. For detection of siRNA, two-step, primer-extension qPCR was carried out as described earlier, 8 and absolute quantification was carried out using a standard curve generated from the known starting amounts synthetic, 19nt RNA oligos identical in sequence to the antisense strand of Dicer-processed shGFP. A locked nucleic acid (indicated by +) TaqMan probe (i) was used. An abundance of siRNA was detected in nontransduced cells co-cultured with directly transduced cells, and this transfer was significantly diminished in the presence of non-functional gap junctions (j). All data are presented as mean±s.e.m. To determine whether differences existed within groups, data were analyzed by a one-way ANOVA; if such differences existed, Bonferroni's corrected t-test was used to determine the group(s) with the difference(s). A Pp0.05 was considered significant for all analyses. All probability values reported are two-sided. Number in parentheses indicates sample size. *Pp0.05, shGFP/LZ vs shGFP/D in panel g, and shGFP/LZ vs shGFP/D and vs DsRED2shGFP in panel j.
Non-cell autonomous effects of regulatory RNA E Kizana et al were reduced in eGFP + cells overexpressing the SERCA shRNA. In addition, SERCA mRNA levels were also reduced in eGFP À cells co-cultured with eGFP + NRVMs, and this change was negated in eGFP À NRVMs that had been Cx43 mutant gene-modified. Taken together, these results indicate that the SERCA shRNA was capable of reducing calcium transient amplitude in a cell-autonomous and non-autonomous manner. The resultant physiological changes were mirrored by changes at the mRNA level. Both physiological and molecular effects were dependent on functional gap junctions.
Intercellular transfer of regulatory RNA and the nonautonomous effects conferred have been well characterized in the nematode and in plants. 2 In mammalian cell biology, studies exploring this phenomenon are emerging. 5, 11 In the above-cited review, 2 the work of Valiunas et al. 5 showing size-dependent intercellular transfer of morphilinos in HeLa cells stably transfected to express gap junctions was not noted. In addition, a non-cellautonomous effect was observed in co-culture experiments using a rat kidney cell line stably transfected to express shRNAs. This work, however, left unanswered the generalizability of this process, its existence in primary mammalian cells and conclusive mechanistic insights. Even more recently, the ability of shRNAs to be transferred between human embryonic stem cells has also been explored. 11 This study, however, also left many unanswered questions. Non-cell autonomous effects of regulatory RNA E Kizana et al
We conclude that regulatory RNA molecules are able to confer non-cell-autonomous effects in primary mammalian cardiac cells. Mechanistically, this occurs through the intercellular transfer of regulatory RNA that requires the presence of functional gap junctions. We have shown cell-to-cell transmission of the regulatory signal, but cannot conclusively comment about longer ranges of transfer. In contrast to plants and the nematodes, transfer beyond the syncitium connected by gap junctions seems unlikely, given the absence of the molecular machinery required for amplification of the regulatory RNA signal in mammalian cells. Nonetheless, the existence of this process has significant ramifications for biology and lends itself to exploitation as a new therapeutic strategy for human disease.
